The Enterobacteriaceae are a large family of Proteobacteria that include many well-known prokaryotic genera, such as Escherichia, Yersinia and Salmonella. The main ideas of synonymous codon usage (CU) evolution and translational selection have been deeply influenced by studies with these bacterial groups. In this work we report the analysis of the CU pattern of completely sequenced bacterial genomes that belong to the Enterobacteriaceae. The effect of selection in translation acting at the levels of speed and accuracy, and phylogenetic trends within this group are described. Preferred (optimal) codons were identified. The evolutionary dynamics of these codons were studied and following a Bayesian approach these preferences were traced back to the common ancestor of the family. We found that there is some level of variation in selection among the analysed micro-organisms that is probably associated with lineage-specific trends. The codon bias was largely conserved across the evolutionary time of the family in highly expressed genes and protein conserved regions, suggesting a major role of negative selection. In this sense, the results support the idea that the extant CU bias is finely tuned over the ancestral well-conserved pool of tRNAs.
INTRODUCTION
The Enterobacteriaceae are a group of closely related facultative anaerobic bacterial genera, distributed worldwide in soil, water, plants and animals. This group belongs to the Gamma subdivision of the phylum Proteobacteria and contains at least 44 genera and 176 designated species. Phenotypic traits, DNA-DNA hybridization, 16S rDNA and housekeeping gene sequence analyses (Paradis et al., 2005; Pham et al., 2007) , among many other markers, have been used in the phylogenetic study and identification of enterobacterial species. Among the well-known members are some pathogenic strains of Escherichia coli and Salmonella enterica, which can cause severe gastrointestinal disorders (Toth et al., 2006) .
In addition to animal pathogens, this group includes important plant pathogens, such as Erwinia carotovora and Erwinia amylovora, and obligately host-associated bacteria, such as the aphid mutualist Buchnera aphidicola and the tsetse fly endosymbiont Wigglesworthia glossinidia.
Members of the family Enterobacteriaceae have been used as model micro-organisms to develop ideas on molecular evolution. In particular, the evolution of synonymous codon usage (CU) and the translational selection hypothesis were deeply influenced by studies in E. coli [among other classical papers, see Grantham et al. (1980) and Ikemura (1985) ]. From a historical point of view, E. coli is probably the most studied micro-organism, and it has been the model in microbiology and molecular genetics, among other areas, for more than a century. Furthermore, the first study of the estimation of synonymous and non-synonymous distances in relation to CU bias was made using orthologous sequences from E. coli and Salmonella typhimurium (Sharp & Li, 1987b) . natural selection and mutational bias. Natural selection has an impact in translation, acting at the levels of speed and accuracy, while mutational bias is associated with the substitution pattern characteristic of each species (for a recent review, see Sharp et al., 2010) . As a consequence of the action of selection, the frequency of 'optimal' codons is increased due to the need to maximize the speed of elongation (selection for translation speed) or to minimize the incorporation of wrong amino acids into conserved positions (selection for translation accuracy) (Hershberg & Petrov, 2008) .
The increasing number of complete sequenced bacterial genomes allows us to develop studies designed to understand the evolutionary dynamics of optimal codon choices. In particular, there are dozens of members of the family Enterobacteriaceae that have been completely sequenced, including strains of the same species, and their physiological and ecological traits have been reasonably well characterized.
Taking advantage of this knowledge, we aimed to analyse the CU biases in members of Enterobacteriaceae from an evolutionary perspective.
METHODS
Sequence data. Genome coding sequences of Enterobacteriaceae and Pasteurella multocida (as outgroup) were obtained from ftp.ncbi.nih. gov. In order to prevent over-representation of some genera, such as Escherichia, Shigella, Salmonella and Yersinia, we used a preliminary analysis of molecular distance, discarding indistinguishable species and strains. To do so, the mean nucleotide sequence divergence across the 16S rDNA gene was estimated. A criterion of at least 2 % sequence divergence was used for inclusion of species. In addition, in the case of highly divergent species, for which multiple strains have been sequenced, only one representative was selected. The final dataset comprised 28 genomes, distributed in 19 genera as shown in Table 1 . Two enterobacterial parasitic species were included in the analyses. However, note that these species present high evolutionary rates and that the effect of selection for translation is still controversial (Herbeck et al., 2003; Rispe et al., 2004; Wernegreen & Funk, 2004) .
Identification of orthologues and phylogenetic reconstruction.
Putatively orthologous sequences among all species analysed were identified running a BLAST query of the whole set of proteins, following the best-reciprocal-hit (BRH) criteria with a minimal identity value of 40 % and a minimal e-value of 1610
22 . Groups of orthologues were assembled by searching for triangles of reciprocality. According to this method a group of sequences were defined as orthologues when the BRH results were exclusively limited to sequences of their own set. As a result, 216 groups of orthologous genes were identified among the 28 complete sequenced genomes. Coding sequences were translated into proteins by means of the transeq program implemented in the EMBOSS package (Rice et al., 2000) . The protein sequences were aligned using MUSCLE (Edgar, 2004) , and subsequently poorly aligned regions and gaps were removed using Gblock with default parameters (Talavera & Castresana, 2007) . Phylogenetic trees were inferred using the maximum-likelihood method with an amino acid LG+G model by means of Phyml version 3.0 (Guindon & Gascuel, 2003) . The default SH-like test was used to evaluate branch supports. Finally, a consensus tree was inferred from the 216 phylograms using the sumtrees.py program (Sukumaran & Holder, 2010) .
Identification of orthologous genes and alignment for molecular distances estimation, conserved region (CR) classification and CU analyses were performed as described above, but considering separately the highly divergent Buchnera aphidicola and Wigglesworthia glossinidia. As a result, 322 groups of orthologous sequences were assembled for these two organisms and 727 for the remaining species.
Estimation of molecular distances. The retrieved aligned proteins were back-translated to the known DNA sequences by means of the tranalign program implemented in the EMBOSS package (Rice et al., 2000) . Pairwise synonymous distances were estimated using the codeml program, included in the PAML 4.4 package (Yang, 2007) . This analysis was performed with pairs of sequences displaying synonymous substitution rate (dS) values ¡2.0 (Table S1 ).
Selection effect, CU analyses and tRNA prediction. Conditions required to ascertain whether there is a significant effect of selection at the level of translation were tested as described in Iriarte et al. (2011) . These results were confirmed by means of the estimation of the strength of selection on CU as developed by Sharp et al. (2005) . The orthologous sequences were used to analyse CU (322 and 727 groups as indicated above). Subsequently, analyses were repeated with all genes in order to confirm orthologue-based results. Codon count, base composition and relative synonymous codon usage (RSCU) (Sharp & Li, 1986) were calculated using the program CodonW 1.4.2 (sourceforge.net/projects/codonw/). Within-group correspondence analysis (WCA) (Charif et al., 2005; Suzuki et al., 2008) was calculated as implemented in the ADE4 package of R (Thioulouse et al., 1997) . For each gene, the effective number of codons (ENC9) (Novembre, 2002) , Codon Adaptation Index (CAI) (Sharp & Li, 1987a ) and the MILC-based expression level predictor (MELP) values (Supek & Vlahovicek, 2005) were computed using INCA2.1 (Supek & Vlahovicek, 2004) . In all cases, 44 conserved ribosomal protein genes were used as the reference set of highly expressed genes (HEG). The CU skew (D) for each triplet (i) in sequences of the group A compared with sequences of the group B was defined as:
where Fr is the relative frequency of the codon i among its synonymous codon family. Note that group A was composed of the reference set and group B was composed of the rest of the orthologous genes when estimating D in HEG. Similarly, group A was composed of CRs and group B was composed of non-conserved regions (NCRs) when estimating D in a CR.
The number of tRNA genes was predicted using the tRNAscan-SE program, version 1.3 (Lowe & Eddy, 1997) in mixed (general tRNA model) mode, using the default parameters.
Contingency x
2 tests were used to identify triplets that are significantly differentially used (P,0.01) between the reference set and the rest of the orthologous genes. Triplets significantly more frequent in the reference set were considered as translationally optimal.
Analysis of CU in conserved protein regions. CR and NCR among orthologues were identified and split using Gblock with the following parameters: b15X, b25X, b351 and b452, where X represents the number of sequences in the alignment (for details, see Talavera & Castresana, 2007) . Blocks with a length of at least two amino acids, unchanged in all species and with a maximum of one contiguous nonconserved position, were pooled and used for subsequent studies. The percentage of CR-aligned positions was 45.9 %. The robustness of the method to define CR was tested using pairwise p-distances estimation with the default protein model, using the distmat program implemented in the EMBOSS package. The p-distance is the proportion (p) of amino acid sites at which the two sequences compared are different. Global CU in CR and NCR was also compared for each species using contingency x 2 tests and CU skew.
Ancestral inference and phylogenetic inertia. Under our model, each synonymous codon adopts only two mutually exclusive states: 'significantly preferred' (1) or 'non-significantly preferred' (0), as described above. Thus, the evolution of preferences was mapped across the phylogeny (fully resolved phylogram) defined in advance.
Reconstructions were performed following the Bayesian inference method by means of BayesTraits v1.0 (Pagel et al., 2004) . States of internal nodes were reconstructed by local approximation, using a reversible-jump MCMC model with 50 million iterations (Pagel & Meade, 2006; Pagel et al., 2004) . In this case the Markov chain searches the posterior distribution of the different models of evolution as well as the posterior distributions of the parameters of these models. The Bayes Factor Test (BFT) was used to compare alternative hypotheses (presence/absence of optimal codons in each node) as suggested by the BayesTraits manual (www.evolution.rdg.ac. uk). A BFT value .2 was taken as 'positive' evidence, .5 as 'solid' evidence, and .7 as 'strong' evidence for support of one model over the other. Codons inferred to have changes are marked with '*', '**' and '***' in Fig. 1 , respectively (adapted from McGaughran & Holland, 2010) .
A Bayesian approach for continuous characters was also used to reconstruct ancestral selection coefficients by means of BayesTraits. Alternative models were compared using BFT as suggested by the BayesTraits manual. Posterior distributions of model and scaling parameters were created. The MCMC analyses were run for 100 million iterations. The inferences were based on samples taken after 25 % of the MCMC cycle. In all cases, convergence statistics were checked by means of Tracer 1.5 (Rambaut & Drummond, 2007) .
Following the method developed by Vieira-Silva & Rocha (2008) , the phylogenetic inertia associated with optimal codon choices and selection coefficient in Enterobacteriaceae was assessed. For each pair of species, the associations between the cophenetic distances and (i) the frequency of identical optimal codon choices and (ii) the absolute selection coefficient difference were studied. The cophenetic distance *The variability explained by the first axis generated by WCA is shown. This axis was always related to the expression level with the exception of D. dadantii (second axis) and B. aphidicola and W. glossinidia, where no axis was found to be related to expression. DPearson's correlation coefficients (r) of the positions of the genes on the 'expression' axis of WCA against the respective MELP values. dPearson's correlation coefficient (r) between GC3s and the positions of the genes on the axis related to expression. §Minimum absolute Pearson's correlation coefficients (r) of the dS estimation for orthologues with their respective MELP values (Tables S1 and  S2 ). Note that all these coefficients are negative. ||Estimation of the strength of selected CU bias (S) as developed by Sharp et al. (2005) . 
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RESULTS AND DISCUSSION
Phylogenetic reconstruction and genomic GC content distribution A consensus tree was inferred from 216 phylograms (see Fig. S1 in the online version of this paper). This tree was in agreement with previous 16S rDNA-related reconstructions for this bacterial group (Naum et al., 2008; Wertz et al., 2003) .
When B. aphidicola (GC530.1 %) and W. glossinidia (GC529.1 %) were not considered, the genomic GC content ranged from 40.2 to 58.9 % (mean552.1 %, SD55.5 %), showing an important variation when considering the phylogenetic distance. It has been shown that genomic GC content is a major determinant in global CU among bacteria (Chen et al., 2004; Singer & Hickey, 2000) ; therefore we studied the GC distribution of coding sequences, discriminated by codon position (Fig. S2) . The GC distribution of each codon position, for both complete genomes and orthologous genes, was compared. The difference in GC content between both set of genes was negligible (mean difference520.7 %; SD50.7), although it was significant in some organisms (U-test, P,0.001). Therefore, observed minor differences indicate that the orthologous genes were representative of the compositional trends at the genomic scale (Fig. S2 ).
Natural selection acting at the level of translation in orthologous genes
CU analyses were performed on orthologous genes, 322 for B. aphidicola and W. glossinidia, and 727 for the remaining organisms. Thus, we focused on vertical inheritance, reducing the effect of horizontal gene transfer and lineage-specific duplications and deletions, comparing the intragenomic CU bias among similar genes in different genomes. Results based on orthologues were confirmed when the whole set of genes of each genome was studied, as shown by the highly significant correlation observed between the axes generated by WCA in the two groups of sequences (0.72,r,0.99, P,0.001).
In the case of B. aphidicola and W. glossinidia, the variance explained by the first axes is rather low ( (Fig. S3) . Interestingly, for D. dadantii not the first but the second axis was related to expression level. These clusters included ribosomal protein coding genes, several translation elongation factors, enolase, glyceraldehyde-3-phosphate dehydrogenase, among other HEG. Besides, the axes associated with expression showed a significant correlation between the expression index values for each gene and their position along that axis (see Table 1 ). Therefore, expression is a main factor explaining intragenomic CU variation.
There was a large range in dS values among genes. It has been clearly stated that the standard set of HEG in E. coli cells (Ishihama et al., 2008) tend to display the lowest values of synonymous divergence (dS). A significant negative correlation between dS and MELP (or CAI, data not shown) was found for all tested micro-organisms except for B. aphidicola and W. glossinidia, indicating that as a general rule, orthologous genes with extreme synonymous codon bias display lower dS values (Tables 1  and S2 ). Since the pioneer work of Sharp & Li (1987b) , there is evidence that supports purifying selection at synonymous sites in Enterobacteriaceae. Highly significant correlation values hold for comparisons among phylogenetically distant organisms. From this, we can conclude that (i) natural selection was operative at the translational level in the last common ancestor of this monophyletic group, (ii) it is still a main force shaping CU, and (iii) the optimal codons are almost the same since the divergence from the last common ancestor of the family. This is striking given the divergence time of the group, the different genomic GC contents, generation times, and the diverse eco-physiological features that characterize the family (see below).
We compared the effect of selection acting at the level of speed in translation using the selection coefficient. Results showed that selection was higher in two monophyletic groups: one composed of Proteus mirabilis and Providencia stuartii, and the other composed of species from the genus Salmonella and E. coli (Table 1 ). In contrast, B. aphidicola, W. glossinidia, D. dadantii, Serratia proteamaculans and Sodalis glossinidius showed the lowest selection coefficients. These results agree with those reported by Supek et al. (2010) and Retchless & Lawrence (2011) . The estimated correlation coefficient between MELP and ENC9 values also supports the observed trends among the analysed organisms (data not shown).
Analysis of CU in relation to accuracy
It is known that the misincorporation of an amino acid can affect fitness, depending on how the substitution impacts Fig. 1 . CU skew (D) of HEG and CR (protein CRs) estimated for each organism. Contingency x 2 tests were used to find which triplets are significantly preferred by the HEG and CR, P,0.05 and P,0.01, indicated by '+' and '¾', respectively. Cognate tRNA gene copy numbers are indicated for each organism. Grey-shaded cells indicate inferred ancestral optimal codons; universal optimal codons as defined by Sharp et al. (2005) are shown in bold type.
on protein structure and function. This problem, in relation to CU, was first studied by Akashi (1994) in Drosophila species, and has also been analysed in E. coli (Eyre-Walker, 1996; Stoletzki & Eyre-Walker, 2007) . In order to understand whether selection acting at the level of accuracy is operative in Enterobacteriaceae, the CU biases in conserved versus nonconserved protein regions were compared (see Methods). The estimation of pairwise p-distances showed that the blocks of aligned CR were on average eightfold (±3) less diverged than NCR, supporting the methodology employed to select regions. The estimated CU skew (D) in CR was correlated with the D in HEG. The latter value is a measure of the bias towards the usage of translational optimal triplets among HEG in relation to the rest. Bias in HEG has been mainly associated with selection for translational speed (see above). The positive and significant correlations suggest that CRs display a bias towards optimal codons (Fig. 1, Table S3 ), which might be explained as the result of selection for translation acting at the level of accuracy.
The analyses of CU at CRs showed that both components of translational selection (selection for translational speed and accuracy) were operative and favoured almost the same optimal codons across the Enterobacteriaceae. Interestingly some conserved deviations from this general rule have also been found (see CAG, ACC, UCC, UCG, UCA and CCG in Fig. 1 ). In these cases more 'accurate' codons do not match 'faster' translated triplets.
The comparison of the absolute CU skews between HEG (measured as |D|HEG) and CR (measured as |D|CR) suggests that the effect of selection on speed, when operative in a gene, is stronger than the effect on accuracy (Table S3 ). This was true for all species analysed except for those where the translational selection effect was negligible. The DCR estimated for subgroups of genes, clustered according to expression indexes, showed that the effect of selection on accuracy was widespread in many genes independently of the expression level (Fig. S4) . In a way, this is unexpected, since it is not obvious why selection for translational accuracy would not strongly affect HEG in relation to lowly expressed genes (LEG; see, for example, Drummond & Wilke, 2008) . In general, these results were in agreement with an earlier paper on three E. coli strains (Stoletzki & Eyre-Walker, 2007) . Our results also suggest that the methods frequently used to compare CU between HEG and LEG not only detect triplets adapted for speed, but usually also identify 'accuracy codons'. This might be explained at least in part by the fact that the majority of HEG are also strongly conserved at the amino acid level, as is the case for ribosomal proteins. Indeed, selection for speed is mainly restricted to some genes which display a highly pronounced bias in CU, while selection for accuracy is present in CRs of almost all genes, and seems to be more or less independent of expression level.
Optimal codon choices and cognate tRNA gene copy number Nine conserved optimal triplets were detected in the analysed micro-organisms (x 2 , P,0.01). This number increased to 11 when the significance was reduced to 0.05. At least one optimal triplet was identified for 13 amino acids, the exceptions being Cys, Glu, Lys, Pro and Gln. Thirty-two triplets never did emerge as significantly preferred in HEG, while 17 showed variable trends among the different species. Recently Wang et al. (2011) reported a similar set of optimal codons for some of the organisms analysed here. These results were obtained, as mentioned above, for orthologous genes. Interestingly, the pattern of optimal triplet choices was mainly conserved when the whole genomes were analysed (see Table S3 ).
The total number of identified optimal codons ranged from 16 to 19, and on average 69 % of them (SD50.04) matched a cognate tRNA gene in each genome (Fig. 1) . Among them, 13 highly conserved major codons matched a cognate tRNA in almost all genomes. No tRNA genes were identified for GCU (Ala), GUU (Val), GGU (Gly) or ACU (Thr), and only one was found for UCU (Ser) in S. enterica. Interestingly, these are among the optimal codons with higher conservation. However, as a general rule for the family, tRNAs that recognize the aforementioned codons by wobbling, were identified: GGC (codon GCC), GAC (codon GUC), GCC (codon GGC), GGA (codon UCC) and GGU (codon ACC), respectively (Fig. 1) .
A highly conserved CU bias in Enterobacteriaceae was found, even in organisms where the number of genes encoding tRNAs has dramatically changed (Fig. 1) . See for instance the case of synonymous families encoding Ala and Val in Pantoea ananatis, Ala in Edwardsiella ictaluri, Leu in Proteus mirabilis and Arg in Sodalis glossinidius. Accordingly, the most likely scenario is that the effect of changes in the copy number of tRNA genes in the general translational strategy is marginal, and some kind of ancestral stable state for the majority of codon families may prevail. Since major codons are not always recognized by the tRNA with more gene copies (Kahali et al., 2008) , several non-mutually exclusive explanations might be proposed, which can be summarized as follows: (i) posttranscriptional modifications in the first position of the anticodon in some isoacceptor tRNAs; (ii) different expression levels that lead to a similar concentration of tRNAs independently of gene copy numbers; (iii) changes in the copy number of tRNA genes (in relation to the ancestral state) that might be unstable states, which do not alter the selectively determined CU bias (Higgs & Ran, 2008) ; (iv) finally, this uncoupling phenomenon might be the consequence of a reduced effect of natural selection.
We finally classified the 17 codons that showed variable trends in three groups: highly conserved (CAC, GAC, GUA, AUC and AAC), conserved (GCA, GAA, CCA, AAG and AGC) and non-conserved (AAA, GGC, CAG, UCC, CCU, CCG and CAA).
Note that conservation patterns in the optimal CU bias were also evident even in those genomes with the most extreme mutational bias, as can be derived from the GC profiles (Fig. S2) .
Ancestral inference analysis of optimal codon choices and selection coefficients
The study of the evolutionary dynamics of optimal codon choices in the family Enterobacteriaceae, from extant species towards the last recent common ancestor (LRCA), was performed using the conserved set of 727 orthologous sequences. For this analysis, B. aphidicola and W. glossinidia were not considered, mainly as a consequence of the high evolutionary rate of these species. In addition to the nine optimal codons present in all tested genomes of the Enterobacteriacea, the codons GGC (Gly), GUA (Val), CCU (Pro), AGC (Ser), CAC (His), GAC (Asp), AUC (Ile) and AAC (Asn) were inferred as optimal in the LRCA, with statistically significant support (BFT .2).
The analysis did not detect a preferred codon for the amino acids Cys, Gln and Lys in the LRCA. In the case of Cys, as noted above, there was no significant preferred codon in any species (Fig. 1 ). This is interesting for two reasons: (i) all species share a common tRNA for UGC; and (ii) this amino acid is encoded by a U/C-ended twofold degenerate family, and for these amino acids, the C-ending triplet is always preferred. The lack of a significant preferred codon might be due to the scarcity of this amino acid. In the case of Gln, we note that either CAA or CAG is optimal for some dispersed species, which suggests that an optimal codon for this amino acid is a relatively recently acquired state for some extant species and therefore is not a fixed state in the group (Figs 1 and 2 ). In addition, we noted that the number and the distribution of tRNA genes for this residue are highly variable and as a consequence it was not possible to establish a link with the preference for CAG or CAA. We did note, however, that CAG is used significantly more in conserved protein regions in all species (Fig. 1) , which shows that this codon is optimal for accuracy. Optimal codon choices for Lys were also highly variable. AAA was optimal only in Edwardsiella ictaluri and marginally preferred in Enterobacter cloacae (Fig. 1) . On the other hand, the preference for AAG was restricted to three lineages, suggesting a clear phylogenetic trend (Fig.  2) .
The evolution of selection coefficients (S) was reconstructed using a Bayesian approach. In addition, the possible relationship of S trends and some key eco-physiological data was assessed. In relation to growth rate, we observed a tendency (although non-signficant) in the sense that slowgrowing bacteria tend to display lower selection values, i.e. D. dadantii. The lack of significance might be the result of the phylogenetic inertia associated with this character (see below) and the relatively small number of species analysed in each clade. We also observed the associations with biotic relationship reported earlier (Botzman & Margalit, 2011; Sharp et al., 2005) . The case of symbiotic species, which showed significantly lower values of S (U-test, P,0.01), might be better understood under the assumption that these microbes had undergone a general relaxation of selection pressures due to reduced effective population sizes (Sharp et al., 2010) . Note that this is also evident when analysing the reconstructed S trends of parasitic 'lineages' in relation to free-living ones (see for instance Sodalis glossinidius and species of the genus Photorhabdus in Fig. 2) . Interestingly, the results for these species were strikingly different in relation to other symbiotic species such as B. aphidicola and W. glossinidia, in which the selection effect was negligible. For these species, which are characterized by an increased rate of molecular evolution, prolonged population bottlenecks may result in a dramatic reduction of the effect of selection, even in HEG (Hershberg & Petrov, 2008) . For B. aphidicola and W. glossinidia, results showed that HEG and/or CR display significantly more used (x 2 , P,0.01 and 0.05) or similar directional CU skews for a few highly conserved optimal codons (AAC, CGU, UCU, UCC, ACU, CAC and GGU). This could be interpreted as vestigial signs of selection, even though mutational biases cannot be completely excluded.
Other distinctive characteristics observed in certain lineages (for example, decreasing optimum growth temperature, strict aerobiosis or specific habitat changes) may also be related with particular trends in S; however, these results are inconclusive because there are not enough species with any particular feature to make significant any observed trend (Table S4) .
Phylogenetic inertia
The correlation between cophenetic distances and absolute differences in selection coefficient suggests, as expected, that closely related micro-organisms show rather similar values. Besides, the variation is higher when comparing distantly related micro-organisms (data not shown), suggesting a remarkable effect of phylogenetic inertia of this character.
In the case of variable optimal triplets a clear phylogenetic pattern was found for GUA (Val) or AAG (Lys). On the other hand, there are some cases in which the optimal codon choice seems to be independent of the evolutionary distance [i.e. CCA (Pro) or GAA (Glu)]. For these triplets the results showed that organisms having cophenetic distances higher than 0.1 have a 50 % chance of sharing a certain triplet as a preferred codon, which approximates the expectancy by chance (Fig. S5) . For the codons GCA (Ala) and AGC (Ser), only organisms having cophenetic distances higher than 0.3 showed different choices. This was in agreement with the Bayesian reconstruction shown in Fig. 2 , which suggests that the preference for these two codons represents opposite ancestral choices of the two main monophyletic groups, one comprising the genus Photorhabdus, Xenorhabdus, Providencia and Proteus, and the other comprising the rest of the organisms included in the reconstruction (Figs 2 and S5 ).
Concluding remarks
Our results suggest that natural selection was operative for CU in the last common ancestor of Enterobacteriaceae at two levels: speed and accuracy. The extant species share both features, although some minor differences were also found among them. This is striking, given the differences in lifestyles, effective population sizes, generation times, ecological niches, metabolic routes, genomic GC, etc., that characterize the different micro-organisms. Withers et al. (2006) found that for most of the tested genomes, CU frequencies matched more closely to the putative ancestral set of tRNA genes than to extant ones. Our results support this statement, which has important implications for understanding CU and tRNA coevolution. We suggest that extant CU bias is finely tuned over the ancestral wellconserved tRNA backbone. Fig. 2 . Ancestral reconstruction of optimal codon choices and selection coefficients. Codons in black type represent ancestral inferred optimal triplets, while non-optimal codons are shown in white type within grey boxes. Only codons that have changed (significant to non-significant or optimal to non-optimal) in a node respective to the ancestral one are indicated. Thus, to get the list of optimal and non-optimal codons in a node, the analysis should be started from the root. Ancestral reconstructions were performed following the Bayesian inference method. A BFT value .2 was taken as 'positive' evidence, .5 as 'solid' evidence, and .7 as 'strong' evidence ('*', '**' and '***', respectively). A Bayesian approach was also used to reconstruct ancestral selection coefficients, which are indicated with black arrows next to nodes and tips.
